Abstract -The quantitative forecasting of spectral imaging system performance is an important capability. The ability to accurately predict the effects on utility of the data due to scene conditions, sensor performance, or even algorithm parameters, can be very important. To this end, an analytical modeling tool has been under development to predict end-to-end spectroradiometric remote sensing system performance, and to understand the relative impact of various system parameters on that performance. Recently, data were collected by NASA's EO-1 Hyperion space-based hyperspectral imager over an area in Southern California including spatially unresolved buildings of known size. The area of interest was also imaged with previous low-altitude overflights of NASA/JPL's AVIRIS airborne imaging spectrometer. The AVIRIS data provided an opportunity to investigate the accuracy of unmixing analysis applied to the Hyperion image as well as to serve as a source of input data in model forecasts. This paper describes the results of analysis of the remotely sensed data as well as comparisons to predictions made by the analytical performance prediction model. While the empirical analyses provide point results in terms of the abundance of the buildings per pixel, the model predicts the anticipated variation in the abundance estimates given inherent variability of the building roof material and nearby backgrounds. The model is also exercised to show the impact on the abundance estimates from various remote sensing system parameters including sensor noise, radiometric calibration error, and the number of endmembers assumed in the unmixing algorithm. In the example studied, the natural surface variability and the use of endmembers in the unmixing that were not present in the scene were found to have the most impact on the abundance estimates.
I. INTRODUCTION
The quantitative forecasting of spectral imaging system performance is an important capability at every stage of system development including system requirement definition, system design, and sensor operation. In support of this need, an analytical modeling tool to predict end-to-end remote sensing system performance has been under development. This model, known as FASSP (Forecasting and Analysis of Spectroradiometric System Performance), spans the spectral range of hyperspectral imagers from 0.4 to 14 µm and was initially developed for the context of sub-pixel object detection [1] .
Recently, the model has been extended to more accurately depict complex natural scenes by including multiple classes in the target pixel [2] . This paper describes further comparisons of the model results to analyses of NASA EO-1 Hyperion and NASA/JPL AVIRIS data. Also presented are additional sensitivity analyses exploring the relative impact of several system parameters on the accuracy that can be expected from linear unmixing.
II. MODEL DESCRIPTION
The FASSP analytical spectral imaging system model considers the end-to-end remote sensing system including the scene, the sensor, and the processing algorithms. It assumes the surface classes of interest can be modeled by their spectral reflectance mean vector and covariance matrix, as well as their temperature mean and variance in the thermal infrared. These first-and second-order surface statistics are propagated through the remote sensing system by linear transformations accounting for effects of the atmosphere, the sensor, and feature extraction/processing algorithms to predict system performance. The part of the model covering the reflective solar spectral region is described in [1] .
The model extension to the M class target pixel was described in a previous paper [2] . The key features of this extension are the use of a linear mixture model to represent the M class target pixel and the use of the input class mean reflectances ρ m in the unmixing performance prediction.
The FASSP model predicts the unmixing accuracy by applying an unconstrained least squares unmixing operator [3] to the atmospherically compensated surface reflectance mean and covariance of the target pixel. The result is an estimate of the retrieved fractional abundances of the M classes as well as an estimate of the standard deviation of those abundance estimates.
III. ANALYSIS AND COMPARISON TO SPACEBORNE DATA
It is desirable to validate the predictions of any model by comparison to observations made in the real world. In the case of remote sensing systems, it is often difficult to obtain enough information about the state of the scene, the atmosphere, and the sensor to make a true validation of the model. The following presents one reasonable comparison. Fig. 1 shows imagery collected by the Hyperion [4] instrument aboard NASA's EO-1 satellite over a rural area in Southern California.
Also shown is a geographically registered portion of a low-altitude image collected by NASA/JPL's AVIRIS sensor. The red arrows point to two long narrow buildings that were the focus of this study. Fig. 2 shows a zoom over the area of interest containing the two 20 m by 80 m buildings and a notional pixelation of the AVIRIS image roughly corresponding to the sampling of the Hyperion imager. As can be seen, the buildings are unresolved and spread across several pixels in the Hyperion image.
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Building Area The Hyperion and AVIRIS images were atmospherically compensated using FLAASH [5] . Pixels from the AVIRIS image over homogenous regions of the buildings and nearby areas were used to generate reflectance statistics for use in the unmixing analysis and the model predictions.
The mean reflectance spectra derived from the image for the building roofs and the adjacent parking lots were used in a fully constrained linear least squares unmixing analysis and applied to the pixels in the red box on the Hyperion image of Fig. 2 . 117 channels of the Hyperion data were used. Fig. 3 shows the resulting abundance fractions with the heavy lines outlining the pixels believed to contain significant fractions of the buildings. . Fully constrained linear unmixing result using two endmembers selected as the mean spectra from the AVIRIS data applied to area within red box on Hyperion image of Figure 2 . Heavy shaded boxes outline pixels thought to contain significant radiance from the building roofs.
As can be seen in Fig. 3 , the constrained algorithm leads to positive abundances that sum nearly to unity. These results show a reasonable range of abundances for the buildings given the spatial layout shown in Fig. 2 .
The pixel containing the highest estimated building abundance (0.32) was selected for use in a comparison of the Hyperion measured spectral radiance to that predicted by the FASSP model. The proper solar zenith angle (44°) was used along with the standard MODTRAN midlatitude winter atmosphere and a 30 km meteorological range. The relative abundance for the building roof and the parking lot was then adjusted in the model input until a good match in the spectral radiances (shown in Fig. 4 ) was obtained. This occurred when the building roof class and the parking lot class each were assumed to occupy 0.5 of the pixel. This was a bit different from the unmixing result for that pixel. A number of factors could have contributed to this discrepancy including sensor absolute radiometric calibration errors, variability in the material spectra, and the presence of additional endmembers not used in the unmixing analysis. To investigate the predicted variability in abundance, the model's unconstrained algorithm was applied to the class statistics predicted by the model for this scenario. Table I shows the result. Here we see that the model predicts a mean abundance that is reasonable and close to the input, but also a significant standard deviation (σ) for that estimate, particularly for the background parking lot. Note that while these assumed model input parameters resulted in a good radiance match, we observe the retrieved abundance is more than a standard deviation different than that observed in the analysis of the data. The standard deviation of the estimate on the retrieved abundance can be thought of two ways. One is that it is a measure of the "error" introduced by the remote sensing process, including analyst's choices in applying the unmixing algorithm. The second perspective is that it is a realistic representation of the variability that is present in the scene. Both of these perspectives are reasonable. The sources and relative magnitudes of this abundance estimate variability are the subjects of the following section.
IV. PARAMETER SENSITIVITY ANALYSIS
The end-to-end modeling approach allows one to easily change system parameters and study the resulting effect on product accuracy. Numerous sources can contribute to errors in unmixing abundance estimates, including scene complexity, number and abundance of endmembers, material variability, non-linear mixing, atmospheric effects, sensor radiometric noise and calibration error, spatial point spread function effects, spectral calibration errors, endmember misidentification and spectral channel selection.
Several studies were conducted with the model to explore the impact of a number of these potential error sources. In Table II we see that by setting the input covariances of the class statistics to zero, the standard deviation of the retrieved abundance estimates approach zero. Table III shows that by leaving the covariance alone and setting the instrument noise to zero, there is negligible effect on the standard deviation. This result demonstrates that for the typical values in this scenario, the natural variability (material reflectance covariance) has more impact on the spread of the abundance estimates than does sensor noise. Table IV shows an expected decrease in predicted mean abundance with a -5% absolute radiometric calibration error. Table V shows the significant impact on the abundance estimates of using only 43 VNIR channels compared to the 117 selected from the full VNIR and SWIR spectrum.
The last experiment was to include several endmembers in the unmixing analysis that were not present in the modeled pixel of interest. Table VI shows the result for the unconstrained unmixing algorithm for this case. We note the retrieved abundance for the parking lot is significantly different not only in the mean, but also in its standard deviation. This provides an example of the kind of errors that can be observed when improper assumptions of endmembers are used in the unmixing analysis. V. SUMMARY
Results were presented investigating the accuracy of unmixing analyses applied to Hyperion data as well as exploring the sources of variability in the abundance estimates. The analyses were performed by comparing results obtained from an unmixing algorithm applied to the Hyperion imagery to higher resolution imagery, and through the use of an end-to-end hyperspectral system performance forecasting model.
The model predictions compared well to the observed spectral radiances as well as in the resulting unmixing fractional abundances. In the example studied, the model sensitivity analyses demonstrated that the natural material variability, as well as the incorrect use of endmembers in the unmixing that were not present in the scene, were found to be significant contributors to variability in abundance estimates. Future work will extend these results through application to additional data sets and modeling scenarios.
